One of the primary progenitors of the cultivated apple is Malus sieversii L., a species native to the forested regions of central Asia. Despite the horticultural importance of M. sieversii, little is known about genetic variation in this species. In this study, allozyme diversity at 18 loci was determined for 259 seedlings belonging to 31 sib families, each consisting of the set of offspring from a different open-pollinated maternal (seed) parent. Maternal parents belonged to 14 populations from four geographic regions. Genetic diversity statistics were computed from the resulting allele and phenotype frequencies. Cluster analysis of sib families showed that there was some grouping based on geographic region, but 16 of the sib families were most closely related to sib families from other regions. Analysis of molecular variance (AMOVA) indicated that 85% of the enzyme variability was due to differences among sib families within populations and 15% was due to differences among regions. No variability could be assigned to differences among populations within regions. In addition, no alleles were found that were fixed in a region and unique to that region. These results suggest that plants belonging to M. sieversii effectively form a panmictic population. Consequently, a thorough sampling of a few large populations will efficiently capture most of the genetic diversity present in wild M. sieversii.
Malus sieversii is a wild, putatively outcrossing species of apple that is native to central Asia, where it forms forests in which it is the dominant tree. Because M. sieversii is the primary progenitor of the cultivated apple, M. ×domestica Borkh. (Morgan and Richards, 1993) , it is important in apple breeding, genetics, evolution, and germplasm conservation.
Until recently, germplasm of this species has not been readily available to researchers. In 1989 and 1993, however, collecting expeditions to central Asia (Forsline et al., 1994 ) generated 42 new seed accessions of M. sieversii that are now accessible to researchers as part of the USDA-ARS National Plant Germplasm System. Because of the physical difficulties involved in collecting germplasm in the rugged, mountainous, and relatively inaccessible locations where M. sieversii is found and the high costs of conducting such expeditions, it is necessary to consider more efficient germplasm collecting strategies for future expeditions. To develop such strategies, information on the partitioning of genetic diversity within and among populations of M. sieversii is required.
Unfortunately, information on genetic diversity in M. sieversii does not exist. Isozymes have been used to examine genetic diversity in several tree fruit species (Torres, 1989) , including Malus (Dickson et al., 1991) . The latter study did not treat M. sieversii, however, rather the North American species M. angustifolia (Aiton) Michaux, M. coronaria L., M. ioensis (Alph. Wood) Britton, and M. fusca (Raf.) Schneider. Other recent Malus isozyme studies have focused primarily on cultivar identification (Barnes, 1993; Bournival and Korban, 1987; Marquard and Chan, 1995; Menendez et al., 1986; Weeden and Lamb, 1985) or genetic linkage and isozyme inheritance (Chevreau and Laurens, 1987; Weeden and Lamb, 1987) . Thus, to provide background genetic diversity information that can be used to develop a more efficient collecting strategy for wild populations of M. sieversii, we undertook a study of allozyme diversity in the apple germplasm collected in 1989 and 1993.
The purpose of this work was 3-fold: 1) to describe the allozyme diversity in M. sieversii collected in 1989 and 1993 from four distinct geographic regions; 2) to determine if most of the observed diversity in this species is found among regions, among populations within regions, or among sib families within populations; and 3) to use this information to devise strategies for future collections of wild germplasm of M. sieversii or other wild species having a similar partitioning of genetic diversity.
Materials and Methods
Isozyme patterns were determined for 259 seedlings belonging to 31 sib families, each consisting of the set of offspring from a different open-pollinated maternal (seed) parent. The proportion of half-sibs and full-sibs in a sib family was not determined. Maternal parents belonged to 14 populations from four geographic regions (Fig. 1) . For our purposes, a population is defined as a group of plants collected from a distinct site. Collections were made in Uzbekistan in 1989 and in Kazakhstan (Topolevka and Lepsinsk areas) and Kyrgyzstan in 1993. One to six sib families were analyzed from each population (Table 1) . Each sib family consisted of one to ten offspring (Table 1) . germination rate of 50%, at most 10 seedlings from each sib family were used.
Seeds were stratified for 90 d at 2 °C and then placed on moistened blotter paper in plastic containers at 10 °C for germina- Numbers of offspring and sib families were limited for several reasons. First, the number of maternal parents from which fruit could be taken was limited during both expeditions by the usual logistical factors affecting field collection in relatively inacces-tion. After emergence of the radicle (5 to 10 mm long), the seeds were planted in 13-cm pots containing artificial soil medium and grown in the greenhouse under a 16 h light/8 h dark photoperiod and 18 °C/13 °C day/night temperature regime. Extracts from young, expanding leaves were subjected to horizontal starch gel electrophoresis (Weeden and Lamb, 1985) . Two buffer systems were used for electrophoresis: a Tris citrate-lithium borate system at pH 8.3 (Selander et al., 1971 ) and a histidine buffer at pH 6.5 (Cardy et al., 1980) . In addition to the six enzyme systems used by Weeden and Lamb (1985) , phosphoglucomutase (PGM; EC 2.7.5.1) and peroxidase (PRX; EC 1.11.1.7) (Wendel and Weeden, 1989) were analyzed. The former was assayed on a slice from the histidine gel, while the latter was assayed on a slice from the Tris citrate-lithium borate gel.
Genotypes at the loci Aat-c, , and Tpi-2 were scored directly from the isozyme phenotype using genetic information presented in Lamb (1985, 1987) and Manganaris (1989) . Patterns obtained for Dia-1, , and Prx-1 were scored as phenotypes, there being no previous genetic analysis of these loci. Locus naming conventions follow those of Lamb (1985, 1987) or Manganaris (1989) . Loci whose suffices begin with c are known to code for cytosolic isozymes, while those whose suffices begin with p are known to code for plastid-specific isozymes. If more than one plastid or cytosolic isozyme is known, a numeral has been added as the last character of the suffix, with smaller numbers indicating loci coding for more anodal (faster moving) isozymes. The subcellular locations of the products of loci whose suffices are solely numerals have not been determined.
The basic unit of statistical analysis was a sib family from an open-pollinated maternal parent. Allelic frequencies within the sib family were computed as the number of times an allele was found at a locus (homozygotes had the allele counted twice, and heterozygotes had each allele counted once) divided by twice the number of offspring in the sib family. For each sib family, an allele that was not detected at a locus was assumed to have a frequency of zero. Phenotype frequencies were computed as the proportion of offspring in the sib family exhibiting a particular phenotype.
Nei's genetic identity, I, (Nei, 1972) was used as the measure of similarity between two sib families, with either allelic frequencies or phenotype frequencies used in the computation, whichever was appropriate for the particular locus. The genetic distance between sib families was computed as D = 1-I; where D is simply the genetic identity transformed into a distance measure, which is required by the analysis of molecular variance (AMOVA) (Excoffier et al., 1992) . The computer program APPLEGEN, written by Lamboy in the GAUSS programming language (Edlefsen and Jones, 1986) , was used to compute genetic identities and genetic distances.
Genetic identities between sib families were analyzed by unweighted pair-group method using arithmetic averages (UPGMA) cluster analyses (Sneath and Sokal, 1973) . The cluster analysis was carried out and the phenogram was constructed using the program NTSYS (Rohlf, 1994) . Genetic distances were used in AMOVA, a statistical method that partitioned genetic distance among geographic regions, among populations within geographic regions, and among sib families within populations. AMOVA analysis was carried out using the program AMOVA1.5 (Excoffier, 1993) .
Results
Isozyme phenotypes of M. sieversii plants were so similar to those reported for M. ×domestica that most polymorphisms could be assigned genotypes based on previous genetic studies in the cultivated apple (Weeden and Lamb, 1985; . Genotypes at 12 loci were scored, as were phenotypes for six additional areas of activity in four enzyme systems. A greater average number of alleles generally was found in those regions and populations from which higher numbers of plants were sampled ( Table 2 ). The smallest average number of alleles plus phenotypes (1.11) was found in the Uzbekistan population 1, where the sib family consisted of only a single seedling (Table  1) . The next smallest number, 1.33, was found for the Lepsinsk population 3, where 10 offspring were sampled (Table 1) . The relationship between number of alleles and number of plants sampled, however, was not absolute. For example, Kyrgyzstan population 2 showed the greatest mean number of alleles plus phenotypes detected (2.22), even though only 26 offspring were sampled there from three maternal parents (Table 1) . Matrices of genetic identities and distances between sib families (data not shown) were computed from the allele and phenotype frequency data. When identities were used in a UPGMA cluster analysis, the phenogram in Fig. 2 was obtained. Sib families did not group strongly by region. In fact, the only groups containing plants from a single region were six small clusters of two or three plants each (indicated by vertical bars in Fig. 2 ). Any cluster containing more than three sib families included sib families from two or more regions (Fig.  2) . Thus, although 15 sib families in six small clusters were most closely related to tics related to the allelic diversity found in the four geographic regions. More than 71% of all alleles detected were found in each region, with an average of 80% across the four regions. On average, each region has only two unique alleles (i.e., that were not found in any other region). No alleles have been found that are unique to and fixed within a region. Sixty-one percent of all alleles detected were common to all four regions (data not shown). Almost 75% of the alleles were found in three of the four regions, and 84% were found in two or more regions. Only 16% of alleles were exclusive to a single region. Four alleles (8% of the total) were found in only a single population. All four of these alleles had frequencies above 0.05, which places them in the category of locally common alleles as defined by Marshall and Brown (1975) .
Discussion
Plant species differ markedly in the way genetic diversity is partitioned between populations and among individuals within populations. The pattern of partitioning is correlated with the mating system and life history parameters (Hamrick and Godt, 1989) . Species that are primarily selfed and short-lived have most of their genetic diversity partitioned among populations, while outcrossing perennial species appear to contain most of their diversity within populations. Our results are consistent with this pattern. In fact, the wild M. sieversii plants tested in this study represent a panmictic population. Two lines of evidence support this conclusion. First, the phenogram (Fig. 2) shows a few hierarchical subgroupings at the regional level, but this relationship breaks down at higher level groupings. Thus, with few exceptions, sib families from a single geographical region or population are no more likely to be closely related to one another than they are to sib families from other geographical regions or populations. Second, AMOVA indicates that over five times more variation is found within regions than between regions, and there is no variation among populations. This result and the summary statistics for allelic diversity (Table 3) suggest that much of the diversity present in M. sieversii can be found in a single population within a single geographic region. Because no alleles have been found that were fixed and unique to a region, it appears that there is no strong geographic partitioning of alleles.
To use information on the partitioning of genetic diversity in a species to determine a collecting strategy, it is useful to classify alleles into four different types: widespread and common, widespread and rare, local and common, and local and rare (Marshall and Brown, 1975) . Since alleles that are widespread and common will be sampled regardless of the sampling strategy, and sampling of either type of rare allele is a function of available resources (Brown and Marshall, 1995) , only the collection of locally common alleles can be affected by sampling strategy (Marshall and Brown, 1975) . Locally common alleles are of particular interest to germplasm collectors, since these may be alleles that are responsible for adaptation to local conditions. sib families from their own region, the other 16 sib families were most closely related to sib families from other regions. Furthermore, all sib families were more closely related to sib families from another region than they were to at least one sib family from their own region. For example, the three sib families from Topolevka, 3539, 3540, and 3544, were most closely related to one another, but were next most closely related to sib family 3561 from Lepsinsk, and then to the cluster containing sib family 3262 from Uzbekistan and 3581 from Kyrgyzstan. AMOVA analysis revealed (data not shown) that 85% of the allozyme variation found in this M. sieversii germplasm is attributable to differences among sib families within a population. There is comparatively little variation (15%) among regions and no (0%) variation among populations within regions. Table 3 shows statis-In this study, only four out of 51 alleles discovered were locally common. To satisfactorily sample such alleles, Brown and Briggs (1991) suggested sampling 50 to 100 individuals per (interbreeding) population from as many diverse and different habitats occupied by the populations as possible, rather than sampling more extensively from a single habitat. They emphasized collecting from as many distinct fruit as possible to increase the number of pollination events and pollen sources at different times from different microhabitats.
Although collecting different fruit is a relatively simple task in M. sieversii, collecting from as many different populations as possible is more difficult, since the expense of visiting diverse geographic regions in central Asia is high. Specialized transport (off-road vehicles or helicopters) is often required, and costs for these can be prohibitively expensive. Research by Yonezawa (1985) and Yonezawa and Ichihashi (1989) examined sampling strategies when travel costs are high. Using numerical analyses, these workers showed that to maximize genetic information per unit of effort expended, sampling from 10 or fewer plants per population is satisfactory, provided costs for a population visit and transport were not high. If costs per population visit were extreme, however, sample sizes in the hundreds might be more efficient, and fewer populations can be visited with the same overall amount of information obtained (Yonezawa, 1985) . Yonezawa and Ichihashi (1989) conclude that in predominantly outcrossed plants (such as M. sieversii), samples of a few hundred seeds per population might be adequate for sampling the diversity in that population, and emphasis should be placed on number of plants sampled, rather than on number of seeds per plant. Based on these considerations, we conclude that the genetic diversity in M. sieversii can be captured most efficiently by a thorough sampling of a few large populations of plants from a few regions. Locally common alleles will be sampled roughly in proportion to the number of populations visited.
Two factors may have biased the sampling of maternal parents and offspring used in this study. The first was a severe prebloom frost of 1993 that limited the number of maternal parents from which fruit could be sampled. This may have biased sampling toward frost-tolerant genotypes, if such genotypes exist. On the other hand, local cooperators reported that anthers and pollen production did not appear to be affected by this freeze, so paternal contribution to sib families may have been little affected by the frost. The second potential source of bias was the low germination rates for the 1989 seeds. This may have resulted in isozyme profiles that differed from what would have been found with a higher germination rate. Still, the summary statistics shown in Tables 2  and 3 suggest that the Uzbekistan allelic diversity detected was not radically different from that found in the other three regions.
Furthermore, the number of enzyme alleles per locus found in this study are typical of values that have been found in previously published work on woody perennials (Hamrick and Godt, 1989) .
Excluding the population where only one offspring from one maternal parent was analyzed, in our data the number of alleles per locus per population ranged from 1.42 to 2.33 (Table 2) for an average and standard error of 1.90 (±0.15), while the number of alleles per locus for the species was 2.75 (Table 2) . Hamrick and Godt (1989) reported that for long-lived woody perennials, the average number of alleles per locus across populations was 1.79 (±0.06), while the average number of alleles per locus across this type of species was 2.19 (±0.09). Thus, judging by number of alleles per locus, the enzyme data from this study was actually a bit more diverse than is typically found for long-lived perennial species.
When compared to Malus species in a previous apple isozyme study (Dickson et al., 1991) , M. sieversii shows significantly more genetic diversity. The mean number of alleles per locus was 2.75 in the M. sieversii sample compared to 1.75 (M. angustifolia), 1.75 (M. coronaria), 2.083 (M. ioensis), and 2.083 (M. fusca) (Dickson et al., 1991) . In addition, 94% of the M. sieversii loci were polymorphic, compared to 58% to 67% of loci in the other four Malus species (Dickson et al., 1991) . The results cited from woody perennials in general and from Malus species in particular strongly suggest that the potential sources of sampling bias probably had minimal effect on observed diversity in our study and that our conclusions are valid for devising a collecting strategy for M. sieversii. 
